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Abstract. This paper presents a hybrid procedural content generation
(PCG) framework that integrates Wave Function Collapse (WFC) for
constraint-based structure synthesis with Genetic Algorithms (GA) for
adaptive gameplay optimization. Experimental results in Unity show
that the hybrid model improves level playability, structural consistency,
and generation efficiency, achieving 56% faster convergence and 73%
fewer unplayable levels compared to standalone methods. The approach
demonstrates the potential of hybrid PCG techniques to enhance scala-
bility, diversity, and player experience in game content generation.
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1 Introduction

The rapid evolution of video game development has driven an increasing re-
liance on procedural content generation (PCG) to meet the growing demand for
rich, varied, and player-adaptive game environments [1]. PCG techniques enable
automatic, on-the-fly content creation that enhances replayability and reduces
production costs. Many modern games, particularly in the roguelike and open-
world genres, leverage PCG to ensure long-term player engagement [2]. How-
ever, automating level generation presents significant computational and design
challenges: generated content must be structurally coherent, balanced, and en-
gaging [3].

Research shows that visual diversity can be systematically analyzed using im-
pression curves to evaluate level aesthetics [4]. Thus, integrating both constraint-
based structure and adaptive optimization is crucial for effective PCG [5].

Traditional PCG methods fall into two categories: deterministic constraint-
based methods and stochastic heuristic-based approaches. Deterministic tech-
niques like Wave Function Collapse (WFC) ensure local logical consistency but
offer limited flexibility for gameplay optimization [6]. In contrast, Genetic Al-
gorithms (GA) treat level generation as an optimization problem, allowing the
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adaptation of content to desired gameplay properties [7, 8]. However, GAs lack
inherent structural constraints, often producing invalid or unplayable designs [9].

Given these complementary strengths and weaknesses, integrating WFC and
GA offers a promising hybrid approach [2, 10]. Recent models like Genetic- WFC
demonstrate that such integration can produce more playable, structured, and
engaging environments [2].

This paper proposes a hybrid framework that uses WFC for local constraint
satisfaction and GA for global gameplay optimization. Our main contributions
are:

— A novel two-stage integration of WFC and GA for level generation.

— A full 3D implementation in the Unity engine.

— Experimental comparison showing improved convergence speed, structural
validity, and fitness diversity versus standalone methods.

This work expands on prior models such as Genetic-WFC by reducing compu-
tational overhead and emphasizing gameplay-driven design control.

2 Hybrid Approach: Integrating WFC and GA

The hybrid generation process consists of three main stages: (1) initial struc-
ture generation using WFC, (2) gameplay-aware optimization using GA, and
(3) constraint-preserving repair and validation. WFC first produces a level satis-
fying local adjacency constraints. This level is then encoded into a chromosome
for GA optimization, where selection, crossover, and mutation refine gameplay
metrics such as difficulty progression, exploration, and pacing. A repair step
ensures that GA-generated variants maintain WFC-enforced rules, producing
structurally consistent and playable layouts.

The implementation is realized in Unity, using GeneticSharp for evolutionary
operations and Blender for modular asset creation. Navigation is ensured by A*
pathfinding based on Unity’s NavMesh.

2.1 Initial Constraint Satisfaction (WFC Preprocessing)

The first stage generates a structurally valid initial layout using Wave Function
Collapse. The game level is represented as a grid of tiles (e.g., Floor, Wall, Door,
Entrance, Exit, Obstacle, Treasure), each with defined directional adjacency
rules encoded in a compatibility matrix.

The WFC algorithm collapses tiles by entropy minimization, propagating
constraints. It supports 3D layouts with vertical adjacency constraints (e.g.,
stairs connecting different layers). Fixed boundary conditions and tile frequency
weights guide the generation process.

This preprocessing ensures that all candidate levels respect basic structural
grammar, allowing the GA phase to focus solely on gameplay optimization.
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Fig. 1. Set of tile types used in WFC. Each tile enforces adjacency constraints during
level generation.

2.2 Evolutionary Optimization (GA Enhancement)

After WFC generation, levels are optimized using a Genetic Algorithm. The 2D
grid is linearized into a 1D chromosome where each gene encodes a tile type.

Table 1. Genetic Algorithm Parameters

Population size 50
Generations 100

Selection Tournament (size 3)

Crossover Two-point (80% probability)
Mutation Random tile mutation (1% per gene)
Elitism Top 2 preserved

The fitness function F(L) evaluates each level L as:

F(L) = wdfdiH(L) + wefexpl(L) + wpfprog(L))
where:

— faifr: difficulty progression,
— fexpl: exploration potential,
— fprog: logical progression structure.

Unplayable levels (e.g., disconnected paths) are penalized or discarded. The
GA drives optimization toward structurally sound and gameplay-relevant de-
signs.
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2.3 Final Level Evaluation

After GA optimization, the final levels undergo a comprehensive validation pro-
cess. First, the navigability of the environment is verified using A* pathfinding
algorithms to ensure that all key objectives and regions are reachable. Next, a
structural integrity check confirms that the generated layout complies with adja-
cency and connectivity constraints. Finally, the gameplay metrics are evaluated
to assess progression difficulty, exploration potential, and logical flow throughout
the level.

N \ ™

Fig. 2. Comparison of generated levels: (left) GA-only, (middle) WFC-only, (right)
Hybrid WFC-GA. The hybrid method balances structure and gameplay.

Parallel fitness evaluations, implemented through Unity’s Job System and op-
timized with the Burst Compiler, significantly reduce computation times during
the evolutionary optimization phase. By distributing fitness evaluations across
multiple threads and leveraging low-level code optimizations, the hybrid WFC-
GA framework achieves near-linear scaling with respect to available CPU cores.
This substantial improvement in computational efficiency not only accelerates
the convergence process but also enables the practical deployment of the hybrid
generation pipeline in real-time or near-real-time game development environ-
ments. Consequently, the proposed approach meets the stringent performance
requirements of modern interactive applications while maintaining high stan-
dards of structural coherence and gameplay quality.

3 Experimental Evaluation

We evaluated the hybrid WFC-GA model in comparison with standalone WFC
and GA approaches. The evaluation focused on generation efficiency, structural
validity, gameplay quality, and level diversity. All methods were implemented
in Unity. The GeneticSharp library handled GA operations, while Unity’s Job
System and Burst Compiler were used to parallelize fitness evaluations.

Three procedural generation methods were tested: (1) WFC-only, employ-
ing constraint-based generation without optimization; (2) GA-only, optimizing
gameplay metrics but without enforcing structural rules; and (3) the hybrid
WEFC-GA approach, integrating constraint satisfaction with evolutionary refine-
ment. Each method generated 30 independent levels on 30 x 30 grids, using a GA
population size of 50 and running for up to 100 generations. The target novelty

ICCS Camera Ready Version 2025
To cite this paper please use the final published version:
DOI{10.1007/978-3-031-97564-6_9 |



https://dx.doi.org/10.1007/978-3-031-97564-6_9
https://dx.doi.org/10.1007/978-3-031-97564-6_9

Title Suppressed Due to Excessive Length 5

score for level variation was set to 0.8. Performance was assessed based on con-
vergence time to fitness plateau, average generation time, structural consistency
(percentage of playable levels), and fitness diversity measured via entropy.

The results showed that the hybrid method converged to high-quality solu-
tions significantly faster than GA-only, achieving a 56% improvement in conver-
gence speed. WFC-only generation, while structurally reliable, incurred longer
times due to repeated backtracking in highly constrained configurations.
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Fig. 3. Average fitness over 100 generations. The hybrid method converges faster and
achieves higher fitness.

Table 2 summarizes the average generation time and percentage of invalid
(unplayable) levels for each method. The hybrid model notably achieved a lower
generation time (8.45 seconds on average) while maintaining high structural
validity, producing only 10.1% invalid levels compared to 37.5% in the GA-only
approach.

Table 2. Average generation time and invalid level rate.

Method Time (s) Invalid Levels (%)
WFC-only 19.40 0.0
GA-only 13.20 37.5
Hybrid WFC-GA 8.45 10.1
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Beyond efficiency, the hybrid model demonstrated a clear advantage in struc-
tural validity and gameplay quality. While WFC-only guaranteed fully playable
structures, it lacked adaptability to gameplay design objectives. Conversely,
GA-only produced more gameplay-driven layouts but often failed to maintain
traversability. The hybrid method combined the strengths of both, achieving
89.9% fully playable levels, significantly higher than GA-only (62.5%).

Further analysis revealed that hybrid-generated levels exhibited better dif-
ficulty progression and exploration structure. Entropy-based measurements of
fitness diversity showed that the hybrid approach produced a broader variety of
high-quality levels compared to both standalone methods.
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Genetic algorithm
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Fig. 4. Distribution of final fitness scores. The hybrid method produces more diverse,
higher-quality results.

The hybrid WFC-GA model outperformed both baselines by achieving faster
convergence, higher structural validity, improved gameplay-driven layouts, and
greater diversity in generated levels. These results demonstrate that combin-
ing constraint propagation with evolutionary optimization provides a powerful
framework for scalable and dynamic procedural content generation.

4 Discussion and Future Work

The results demonstrate that combining constraint-based structure generation
(WFC) with evolutionary gameplay optimization (GA) offers a scalable and ef-
fective solution for procedural level generation. The hybrid method successfully
balances structural validation and gameplay adaptability while maintaining ac-
ceptable generation times, making it well-suited for dynamic and complex game
development environments.
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Standalone WFC requires significantly more computation time due to con-
straint propagation, while GA, although faster, often sacrifices structural guar-
antees. As shown in Table 3, the hybrid model achieves an optimal balance be-
tween these approaches, enabling efficient and structurally valid level generation
without compromising gameplay-driven design objectives.

Table 3. Execution time comparison of procedural generation methods.

Metric WEFC|GA |Hybrid WFC-GA
Evolution Time (s) |19.40(3.42 8.45
Generation Time (s)| 0.51 [0.00 0.54

Despite these advances, the current hybrid framework employs static, pre-
defined fitness functions, limiting its ability to adapt dynamically to evolv-
ing player behaviors. Future research should incorporate reinforcement learning
(RL) mechanisms capable of real-time difficulty scaling, personalized content ad-
justment, and autonomous adaptation of gameplay progression based on player
interaction patterns. Integrating such learning-based methods would allow the
system to respond flexibly to diverse player strategies, enhancing both engage-
ment and replayability.

Moreover, although the present work focuses on tile-based environments, the
hybrid WFC-GA framework holds potential for extension to a wider range of
game genres. Promising directions include open-world terrain generation through
procedural heightmaps, the synthesis of three-dimensional dungeon layouts with
vertical connectivity, and the development of narrative-driven procedural worlds
where Al-generated story arcs influence environment design. Realizing these ex-
tensions will require expanding constraint models, redesigning fitness objectives,
and integrating additional semantic layers into the generation process.

In conclusion, the hybrid WFC-GA approach provides a robust and exten-
sible foundation for the next generation of procedural content generation sys-
tems. Future work will focus on enhancing computational scalability, introducing
player-adaptive real-time generation capabilities, and broadening applicability to
complex, narrative-rich virtual environments.

5 Conclusion

This paper presented a hybrid procedural content generation approach that in-
tegrates Wave Function Collapse (WFC) for constraint-based structure gener-
ation with Genetic Algorithms (GA) for adaptive gameplay optimization. The
proposed method successfully balances local structural coherence with global de-
sign objectives, addressing key limitations of traditional standalone techniques.

Experimental evaluation conducted in Unity demonstrated that the hybrid
model significantly reduces generation time compared to standalone WFC, en-
sures the production of structurally valid and playable levels, and achieves greater
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gameplay diversity and player engagement. These findings underscore the effec-
tiveness of combining deterministic constraint propagation with stochastic evo-
lutionary search in procedural generation pipelines.

Future research directions include integrating reinforcement learning to en-
able real-time adaptive content generation based on player behavior, further im-
proving scalability through parallelization strategies, and extending the frame-
work to support open-world, three-dimensional, and narrative-driven game envi-
ronments. Overall, the hybrid WFC-GA model establishes a robust foundation
for the next generation of scalable, dynamic, and player-responsive procedural
content generation systems.
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